Introduction
Metal-semiconductor multilayers (MLS) prepared by various methods are extensively studied because of their potential applications in electronics. Ferromagnet/semiconductor (FM/SC) heterostructures seem to be especially promising for application in spintronic devices. The most widely investigated systems are Fe/Si heterostructures owing to their very strong antiferromagnetic (AF) interlayer coupling [1] [2] [3] [4] [5] [6] . The antiferromagnetic (AF) coupling in an amorphous Fe/Si/Fe trilayer evaporated onto amorphous substrate was first observed in 1992 by Toscano et al. [6] . They suggested that the coupling mechanism was phonon-assisted hopping conductivity.
Their discovery showed that the AF coupling may occur across a nonmetallic and noncrystalline spacer.
The structural and magnetic properties of this system are strongly influenced by interface diffusion. Various intermetallic phases may appear. The complex Fe-Si phase diagram includes a lot of ferromagnetic and paramagnetic structures, both metallic and semiconducting [7] . In 1992, Fullerton et al. showed that the AF coupling in multilayered systems is due to formation of crystalline Fe-Si phases at interfaces [8] . Kohlhepp et al. studied magnetron-sputtered Fe/Si MLS [9] . Collecting signals from the whole sample volume (VSM, SQUID) revealed strong biquadratic coupling, whereas surface-sensitive methods (MOKE, PNR) showed that the configuration of magnetization vectors depends on their position in the multilayer stack. The latter results of the same group on epitaxial Fe/Si/Fe trilayers showed that, due to interdiffusion, a metallic FeSi phase with CsCl structure is formed and consequently the trilayer turns into a Fe/SiFe/Fe system [10] . Sputtered Fe/Si Fe 1− MLS with different spacer composition (0 4 1) were investigated by Endo et al. [11] . Their results showed that the strength of interlayer interaction incrseases with the increasing Si concentration in the spacer alloy. The temperature dependences were opposite to those predicted by the quantum interference model [12] . They tried to explain the observed temperature dependences via the assumption that the spacer is not homogeneous and contains both metallic and semiconducting fractions.
Gareev et al. [1] showed that, in Fe/Fe 0 56 Si 0 44 /Fe trilayer with spacer composition close to FeSi, the interlayer coupling has an oscillatory behaviour as a function of spacer thickness and can be successfully described by traditional coupling theories across a metallic spacer. In their latter paper [4] they considered Fe/Si Fe 1− /Fe trilayers with various spacer composition (0 4 1). They found that the strongest interlayer coupling occurs for spacer of nominally pure Si with its maximum at thinner layer than in the case of FeSi spacer. The presence of strong AF coupling is attributed to growth of highly resistive semiconductive spacer layer and the obtained results negate previous findings that the metallic FeSi layer is responsible for the AF coupling. On the other hand, the results of Kudryavtsev et al. [2] achieved for Fe/Si MLS sputtered onto glass substrates suggested that the metallic properties of the nonmagnetic spacer and the CsCl-structured FeSi phase are responsible for the strong AF interlayer coupling. One should, however, keep in mind that samples deposited by different methods on different substrates at different conditions may possess different properties.
Overall, the origin of interlayer coupling in the Fe/Si system has not been fully revealed. In particular, it is not well understood how FeSi formation affects the interlayer coupling, and the coupling mechanism is unclear because of difficulties in characterizing very complex diffused spacer structures. Still there is a controversy about the electrical character of the spacer layer: whether it is metallic [1] [2] [3] or semiconducting [4, 5] . Therefore, the information about the spacer layer properties and its correlation with magnetic properties of this system is of particular interest. Investigations on superlattices similar to Fe/Si, such as Fe/Ge or Co/Si may be very helpful for understanding the origin of the coupling behaviours. Only little, however, has been published about these remaining systems [13-15, 18, 19, 33] . One could expect, that these very similar systems exhibit comparable properties, but experiments revealed the absence of AF coupling at room temperature (RT) in that structure [14] . In both systems Fe diffuses into spacer layer [13, 17] . Briner et al. [14] speculated that the density of defect states in a spacer dominates the nature of the interlayer coupling. Later, the same group reported that very weak AF coupling can be induced in Fe/Ge/Fe trilayers when the sample is prepared and then annealed under certain conditions [15] . Therefore we can surmise that different magnetic and paramagnetic Fe-Si and Fe-Ge phases can be formed. Formation of these phases may play a vital role in the presence or absence of the AF coupling. A further FM/SC system is Co/Si. Although it possesses a similar construction its magnetic properties are more sophisticated. A negative heat of mixing between Co and Si may lead to the formation of metastable amorphous phases and to the mutual solubility of constituents. This may lead to very complex and unusual magnetic behaviour [18, 19] . In this review we present the selected results of the magnetic, electric and interlayer exchange coupling study in Fe/Si Fe 1− , Fe/Ge and Co/Si layered structures.
Result and discussion

The properties of Si sublayers
The AF interlayer coupling which promotes the antiparallel configuration of magnetic moments of ferromagnetic sublayers in FM/SC structures is apparently similar to that previously observed in ferromagnetic metal/nonmagnetic metal MLS. However, the mechanism of this coupling is not fully understood due to the difficulties in characterizing complex diffused spacer structures. Figure 1 shows the influence of the spacer layer composition on coupling energy J S (Fig. 1a) may be responsible for appearance of the AF coupling (FeSi 2 , FeSi and Si, respectively). For = 0 40 there is no AF coupling since the spacer layer of this composition is ferromagnetic. As can be seen the strongest interlayer coupling occurs for the spacer layer with nominally pure Si. The interlayer coupling decreases with increasing concentration of Fe in the spacer. Gareev et al. [4] examined Fe/Si Fe 1− /Fe (where = 0 4 − 1 0) wedged epitaxial trilayers with improved homogeneity. They found that the coupling strength increases strongly with nominal Si content in the spacer layer (Fig. 1a) and reaches the value of 6 mJ/m 2 . They relate the strong exchange coupling for nominally pure Si spacer to the growth of highly resistive layer. Similar results have been found by Endo et al. [11] . They showed that, for a series of Fe/Si Fe 1− (0 4 < < 1 0) superlattices, the variation of the interlayer coupling as a function of spacer layer thickness for spacer composition > 0 5 are similar to each other and the coupling strength increases with increasing ( Fig. 1a) . Also the parameter F AF has been found to be strongly influenced by spacer layer thickness (Fig. 1b) [11] . However, in contrast to our results [20] , Endo and coworkers [11] found the F AF parameter maximised around = 0 6 although the strongest antiferromagnetic coupling they observed was for = 1. The F AF parameter behaves similarly. Although the strongest AF coupling was found for nominally pure Si, the intermixing process which can occur already during the deposition process can not be excluded. This process may lead to the appearance of the Fe-Si phases. Figure 2 shows the Fe thickness F dependence of magnetic moment per surface area S for multilayers with two different Si thicknesses. The relation between /S and F can be described by a straight line:
where M 0 denotes an average magnetization of Fe layers and 0 is an effective magnetically inactive layer per single Fe/Si interface [21] . One can see that a Fe thickness of about 0.25 nm per single Fe/Si interface is magnetically inactive, independently of Si layer thickness. This result suggests that already during the deposition process the 0.25 nm thick Fe layer intermixes with Si and may initiate the appearance of some structures similar to those of the nonmagnetic Fe-Si phases. We can not exclude the appearance of the magnetic structures similar to some ferromagnetic Fe-Si phases (e.g., Fe 3 Si or Fe 5 Si 3 ). Since they are ferromagnetic they can not be responsible for the origin of the AF interlayer coupling. They may, however, control the value of the interlayer coupling due to their diverse saturation magnetization values. The existence of various kinds of silicides at Fe/Si interfaces and consequently the interaction of ferromagnetic layers across different silicides may show antiferromagnetic or ferromagnetic coupling depending on the kind of silicide. Also de Vries and coauthors, using magnetooptical Kerr measurements, found that depending on Fe layer thickness deposited onto Si some Fe is missing and the missing amount increases with Si thickness (Fig. 2b) [10] . This effect can be well understood if nonmagnetic FeSi is formed. The possible influence of existence of various Fe-Si phases on the presence and character of interlayer coupling was also discussed by Wei-Chuan Chen et al. [16] .
Figure 3a [22] shows both the saturation field as well as the values of the calculated interlayer coupling J assuming constant M S value (for bulk Fe). We can see that H S saturates at above F = 2 nm and decreases above F = 3 5 nm whereas J monotonically increases up to F = 3 5 nm and then saturates. Such a behavior can result both from the thickness dependent magnetization as well as from the existence of the ferromagnetic structures, which may be present at the intermixed Fe/Si interfaces. Indeed, from the spontaneous Hall effect measurements we found out that 4πM S decreases for F < 2 nm and above this value it is almost constant (Fig. 3b) . The 4πM S value obtained for F = 3 and 4 nm (1.69 T) is reduced as compared with the 4πM S value of the bulk Fe (2.158 T) [22] . In turn, the nonmagnetic Fe-Si phases, which can be taken into account to appear at Fe/Si interface are β-FeSi 2 (orthorhombic, semiconducting), α-FeSi 2 (tetragonal, metallic), -FeSi (B20, semiconducting) and FeSi (B2, metallic) [23, 24] . In order to find the transport properties of the Fe 0 33 Si 0 66 (it simulates FeSi 2 phases) and Fe 0 50 Si 0 55 (it simulates FeSi phases) the two 30 nm thick single layers were prepared [25] . alloy films both in the low and high temperature ranges. The semiconducting behavior of the examined alloy films can be easily seen. We have to take into account how-ever, that thick alloy film can possess different properties from those of a very thin spacer layer with nominally the same composition in Fe/Si MLS. Therefore, in order to find the electrical properties of the complete multilayer structure the series of MLS with constant Si layer thickness (1.1 nm) and various F were examined. Figure 5 shows the temperature coefficient of the resistance (TCR) versus Fe layer thickness determined at 250 K [25] . One can see that with the reduction of the Fe layer thickness TCR decreases and below F = 1 nm changes its sign and becomes negative. Thus, the conductivity changes its character from metallic to semiconducting. We know that almost 0.25 nm of Fe per single Fe/Si interface is magnetically inactive (see Fig. 2) i.e., this Fe thickness is consumed to produce nonmagnetic Fe-Si alloys, both metallic and semiconducting. Thus Fig. 5 shows that the Fe-Si phases which already appear at Fe/Si interfaces during the deposition process may contain mainly nonferromagnetic semiconducting Fe-Si phases. A direct experiment that may confirm the semiconducting character of the spacer layer is transport measurement for current perpendicular to the sample plane (CPP).
The perpendicular electronic transport measurements (U-I characteristics with current perpendicular to the sample plane) were performed at RT using STM instrument equipped with Au tip with contact area of about 500 µm 2 . The samples' diameters were 5 × 5 mm 2 . The temperature during measurements was stabilized by cooling water and was controlled by a Constantan-copper thermocouple with the reference terminal kept at 0°C. Figure 6 shows the U-I characteristic of Fe(3 nm)/Si(1.1 nm) Ml taken at RT [20] . As can be seen the measured characteristic is non-linear proving the semiconducting character of the spacer layers. The measured U-I curve can be fitted assuming that the electrical transport is due to tunneling. Applying the Simmons equation [26] we obtain the effective value of tunnel barrier 1 eV for whole multilayer (i.e., the individual barrier height is approximately 67 meV) and the barrier width B = 0 3 nm. The discrepancy between nominal barrier thickness and the fitted thickness (∆ = S − B = 0 8 nm) may suggest that the diffuse Fe/Si interfaces consists also of the metallic Fe-Si phases, however the tunneling occurs through the semiconducting barrier.
Similar results were obtained by Buergler et al. [5] for epitaxially grown Fe/Si/Fe trilayers. In [5] the ferromagnetic tunnel junctions with crossed electrodes and junction areas ranging from 22 to 225 µm 2 were patterned using photolitography. They found nonlinear U-I characteristic dependence suggesting the existence of an insulating or semiconducting material rather than conducting one. Using the Brinkman equation [27] they found that the tunneling barrier height is φ = 0 35 eV. Both our results [20] and those presented by Buergler [5] allow to exclude the possibility of diffusive formation of metallic iron silicide spacer being the reason for the observed strong interlayer coupling. However it should be mentioned that the above statements are in contrast to the results of Kudryavtsev and coworkers [2] . They showed that the spacer character is metallic and the phase responsible for the antiferromagnetic coupling may be α-FeSi 2 . In their case however ∆ is much smaller most probably due to the different deposition method which gives the sharper interface. The above results are in contrast to [2] , that showed that the spacer character is metallic and the phase responsible for the AF coupling may be α-FeSi 2 .
The properties of Fe sublayers -in-situ conductance measurements
The in-situ conductance measurements were performed using a two-point method during deposition of the Fe/Si multilayers for Si thicknesses S = 1 3 and 2.5 nm, corresponding to the maximum, and the absence of the AF coupling, respectively [35] . Silver wires were used as electrodes, attached to the substrate using silver paste. The sensing current during deposition process was 1 mA. An example plot of conductance vs. deposition time G( ) for Fe(3 nm)/Si(1.3 nm) ML is shown in Fig. 7 . All the G( ) dependences discussed here exhibit similar behaviour. The oscillations due to alternate deposition of metal and semiconductor result in the increase and decrease of the conductance. The conductance oscillates around a baseline, which can be fitted by a straight line. This indicates that the iron sublayers are embedded between almost insulating Si or Ge layers, thus the conductance of the whole Ml is a sum of conductances of individual Fe layers. The presence of potential barrier between Fe layers in the Fe/Si system was previously confirmed by current-voltage characteristics, which exhibited nonlinear dependence. Let us analyse step-by-step the G( ) dependences. The percolation threshold for iron deposited on oxidised Si substrate occurs at F ≈ 0 9 nm. Since the first Fe layer is deposited on the silicon oxide surface, and every other onto Si layer, the deposition of a few initial Fe/Si bilayers results in different shape of the conductance dependence. The G vs. plot stabilises and becomes repeatable after about 5 bilayer cycles. Further development shows minor changes in its shape. [25, 28] . The deposition of Si onto Fe can be divided into 2 steps: (iv) The initial decrease of conductance can be explained as an effect of Si and Fe intermixing. In such a case a part of the top iron layer is transformed into a Fe-Si mixture, thus a low conductive Fe-Si mixture layer appears. This process leads to reduction of the effective Fe layer thickness. (v) Further deposition of Si, i.e. for S > 1 3 nm, gives rise to the growth of a nominally pure, almost insulating Si layer. Such layers do not contribute to conductivity of the whole stack, thus the saturation of the G vs.
dependence is observed. Interestingly, the AF coupling is observed strictly for a very narrow range of silicon spacer thicknesses ( S ≈ 1 1 − 1 3 nm). For thicker spacers, consisted of nominally pure Si besides the Fe-Si mixtures, the AF coupling disappears. This is in agreement with our previous research that for the occurrence of the AF coupling nonmagnetic Fe-Si mixtures must be formed.
In-situ conductance measurements provide real-time observations of intermixing processes during multilayer growth. In the Fe/Si MLS, during deposition of Fe onto Si a Fe-Si mixture is formed up to about 1 7 − 2 6 nm. Then a bcc-Fe phase starts growing. When Si is deposited onto Fe, a decrease of conductance is observed, due to transformation of iron into Fe-Si mixture, which reduces the Fe layer thickness. Further deposition of Si, above S ≈ 1 3 nm leads to growth of highly resistive Si. Figure 9 displays the in situ conductance (Fig. 9a ) and the resistance multiplied by the square of the thickness. The curves from Fig. 9a expressed as R 2 F (Fig. 9b) are very similar to those presented by Dufour et al. [29] . They consider a resistance-square dependence, which is in fact the resistance multiplied by a constant factor of the sample area. The slope of the dependence describes the dynamical resistivity and provides information about crystallisation process. In the R 2 F vs. 
The Fe/Ge system
Another FM/SC system is Fe/Ge. One could expect, that this very similar to Fe/Si structure exhibits comparable properties but experiments revealed no AF coupling at room temperature in Fe/Ge in contrast to Fe/Si [13, 25] . Briner et al. [14] in 1995 found no AF coupling in Fe/Ge layered system. Later the same group reported that very weak antiferromagnetic coupling can be heat induced in Fe/Ge/Fe trilayers deposited onto ferromagnetic amorphous Fe 5 Co 75 B 20 ribbon substrate by molecular beam evaporation [15] . The coupling reversibly increased with temperature in the range below 230 K, but annealing up to room temperature led to formation of rich diffusive interface layer that irreversibly destroyed the AF coupling. In both Fe/Si and Fe/Ge systems iron diffuses into the spacer layer [13, 17, 32] . Therefore we can surmise that various magnetic and paramagnetic Fe-Si and Fe-Ge phases can be formed. Formation of these phases may play a vital role in the presence or absence of the AF coupling. In this section we compare results of Fe/Si MLS reported in the previous chapter with Fe/Ge MLS prepared by the same method and the influence of substitution of Si by Ge, (i.e. Fe/(Ge/Si/Ge) and Fe/(Si/Ge/Si) MLS) is discussed [25] .
Magnetization measurements revealed the absence of AF coupling for the Ge spacer. It was found that during the multilayer deposition a 0.5 nm thick Fe layer at each Fe/Ge interface became nonferromagnetic leading to loss of magnetic moment. We have found that substitution of Si by at least 0.5 nm of Ge in the 1.1 nm thick Si spacer led to disappearance of antiferromagnetic coupling in the Fe/Si multilayers.
Dependence of the saturation field (H S ) vs. spacer thickness ( S ) measured at RT for [Fe(3 nm)/Ge( G )] 15 and [Fe(3 nm)/Si( S )] 15 MLS is shown in Figure 11 [25] . As can be seen, in contrast to Fe/Si MLS, Fe/Ge structure reveals no AF coupling in the whole range of examined Ge spacer thicknesses. Figure 12 [25] exhibits Fe thickness dependence of magnetic moment per surface area ( /S) for [Fe( F )/Ge(2 nm)] 15 and [Fe( F )/Si(2.5 nm)] 15 MLS (see also [30] ). From the interception of the straight line with the F axis we conclude, that about 1 nm (0.5 nm at each interface) of sputtered Fe intermixes with Ge and nonferromagnetic Fe-Ge structures are formed. As can be seen, this value is twice larger than that found in the Fe/Si MLS. Since, as already shown, no AF coupling through Ge spacer occurs in sputter deposited MLS, therefore, in order to find the influence of Ge on the AF coupling in the Fe/Si MLS, the Fe/(Ge/Si/Ge) and Fe/(Si/Ge/Si) MLS are studied. Magnetic measurements (Fig. 13) reveal that, independently on the position of Ge in Si spacer, saturation field decreases with increasing Ge thickness [25] . In case of the Fe/(Ge/Si/Ge) MLS, due to interdiffussion, Fe-Ge layer is progressively formed and prevents further diffusion of Fe into the Si layer, which, as we have shown [20] , plays crucial role in appearance of the AF coupling in Fe/Si MLS. For the Fe/(Si/Ge/Si) system gradual formation of continuous Ge layer may occur leading to the reduction of the AF coupling. This process becomes com-plete for G > 0 5 nm and the AF coupling disappears. That may suggest that Fe diffuses into the Ge spacer and only nonferromagnetic Fe-Ge phases can be formed. Since all CEMS spectra for Fe/Si MLS contain pronounced QS doublet due to the appearance of nonmagnetic Fe silicides at Fe/Si interfaces [30, 31] we expect, that introduction of Ge between Fe and Si prevents the formation of paramagnetic Fe-Si phases, which can be responsible for the observed AF coupling in this system. 
The Co/Si system
In Co/Si multilayers a negative heat of mixing between Co and Si leads to the formation of metastable amorphous phases and to the mutual solubility of constituents [18, 19] . This may lead to very complex and unusual magnetic behavior. Inomata and Saito [33] examined Co/Si MLS deposited onto oxidized Si substrates by ion-beam sputtering. They found from the magnetization curve measurements the existence of the AF coupling for Si thickness ranging from 0.8 to 1.7 nm. They estimated the value of the interlayer coupling to be 3 6 · 10 −2 mJ/m 2 . Moreover, it has been found that the spacer layer consists of Co silicides with amorphous nature formed at the interface. Theoretical calculations of interlayer coupling within the density functional theory was performed by Enkovaara et al. [34] . They found that it oscillates between ferromagnetic and antiferromagnetic case with the number of Si layers. The inset in Fig. 14 shows examples of magnetic hysteresis loop evolution of Co( C )/Si(2.4 nm) multilayers for different Co sublayer thickness in two magnetic field directions in multilayer plane measured by magnetooptical Kerr effect (MOKE) [21] . One can immediately realize that the character of the (H) traces depends strongly on Co thickness. We connect it with the evolution of the Co layer from superparamagnetic granular structures for multilayers, the character of the m/S(d C ) is more complex revealing a drastic transition from discontinuous to continuous structure of Co layers at about C = 2 nm. Such a behavior suggests that the growth of Co on Si occurs in an island growth mode. Certainly it does not exclude the occurrence of intermixing and creation of ferromagnetic and nonmagnetic Co-Si phases. The inset in Fig. 15a shows the evolution of (H) loops for Co(3nm)/Si( S ) versus Si thickness for selected samples. Such a behavior suggest the existence of a weak interlayer coupling modifying the shapes of hysteresis loops from a single hysteresis loop to step-like one which can be characterized by two "coercive" fields i.e., H C 1 in small external magnetic fields and H C 2 in larger fields. It seems to be confirmed by the oscillatory dependence of F AF ( S ) and H S ( S ) presented in Fig. 15a, 15b . From this figure one can see that H C 1 appears only for thicker Si layers i.e., for S 1 5 nm and below this Si thickness only single, almost square-shaped loops appear. Such (H) behavior can be explained using a simple model describing the total magnetic energy of bilayer:
where 1(2) are the angles between the applied field H and magnetizations, and J and K denote interlayer coupling and cubic anisotropy, respectively. In Fig. 15c it is shown that for a low interlayer coupling i.e., for 0 . Although a biquadratic coupling has not been taken into account in this simple model its presence can not be excluded. The observed F AF ( S ) oscillatory behavior suggests that the Co-Si nonmagnetic metallic phases replace nominally pure Si spacer layers since the oscillatory behavior points out on the RKKY-like type of interlayer coupling via conduction electrons.
Conclusions
In this review we presented the selected results of the study on the interlayer exchange coupling in Fe/Si Fe 1− , Fe/Ge and Co/Si layered structures. We examined antiferromagnetically coupled Fe/Si multilayers with different Fe and Si layer thicknesses. It has been shown that magnetization of ferromagnetic layer reduces its value with decreasing Fe layer thickness affecting the antiferromagnetic interlayer coupling. Using on electronic transport measurements, we have shown that the antiferromagnetic interlayer coupling occurs through the semiconducting spacer layer in contrast to some previous findings [1, 2, 9] . It seems to be clear that both magnetic and electronic properties of the antiferromagnetically coupled Fe/Si MLS are influenced by interfacial mixing between Fe and Si layers. Current-voltage characteristics measured perpendicularly to the multilayer planes allowed us to examine the semiconducting character for nominally pure Si layers. In the Fe/Ge multilayers the absence of antiferromagnetic coupling has been found. It was shown that during the multilayer deposition 0.5 nm of Fe intermixes with Ge and nonferromagnetic structures are formed. Independently of Ge position in the Si spacer, progressive substitution of Si by Ge leads to gradual reduction of the AF coupling. In the Fe/(Si/Ge/Si) multilayers, formation of a continuous Ge layer is responsible for the absence of the AF coupling, whereas in the Fe/(Ge/Si/Ge) multilayers formation of antiferromagnetic and/or ferromagnetic Fe-Ge structures disable further diffusion of Fe into the Si layer. It has been shown that for Co/Si multilayers a very weak exchange coupling and its oscillatory behaviour can be observed. The evolution of magnetic loop shapes was successfully explained by the interplay between interlayer coupling and anisotropy terms.
